Background. Cotrimoxazole (CTX) discontinuation increases malaria incidence in human immunodeficiency virus (HIV)-infected individuals. Rates, quantity, and timing of parasitemia rebound following CTX remain undefined.
In sub-Saharan Africa, human immunodeficiency virus (HIV) continues to be a leading cause of morbidity and mortality. Worldwide, approximately 37 million people are infected with HIV, and 72% of AIDS-related deaths occur in Africa [1] . Strategies to reduce HIV-related morbidity and mortality include the scale-up of antiretroviral therapy (ART), as well as provision of broad-spectrum antibiotics to prevent opportunistic infections.
Cotrimoxazole (CTX), a fixed-dose combination of sulfamethoxazole and trimethoprim, is a widely available, low-cost antibiotic that is used to treat and prevent community-acquired opportunistic infections. The use of CTX is now part of the standard management of people living with HIV. Its value is supported by several studies that have shown its beneficial effects on mortality and morbidity. The drug has a minimal risk of adverse effects among people with early as well as advanced HIV infection [2, 3] . Although CTX is not recommended for malaria prophylaxis, similar to pyrimethaminesulfadoxine it has antimalarial activity [4, 5] . A study conducted in Uganda among HIV-infected individuals demonstrated that CTX reduced the incidence of malaria and diarrhea by 72% and 35%, respectively [6] , while a combination of both ART and CTX prophylaxis resulted in reduction of the malaria incidence rate by 92% [7] .
The 2006 World Health Organization (WHO) guidelines recommend CTX for HIV-infected individuals, regardless of clinical stage, with CD4 + T-cell counts of <350 cells/mm 3 [8] .
For countries with a high prevalence of HIV and limited health infrastructure, the WHO endorses universal CTX for all HIVinfected individuals [8] . These guidelines were created prior to the scale-up of ART. Recent WHO guidelines in 2014 advocate continued CTX therapy, based on data from clinical trials that demonstrated increased malaria incidence following CTX discontinuation despite ART immune reconstitution [9] [10] [11] . One of these trials was conducted in Kenya and demonstrated a significantly increased incidence of clinical malaria in individuals randomized to stop CTX therapy (hereafter, the "STOP-CTX arm"), compared with those who continued CTX therapy (hereafter, the "CTX arm") [10] . Using specimens from this trial, we used molecular methods to detect malaria parasitemia in the 2 cohorts over a 12-month observation period. We characterized the risk associated with stopping CTX therapy by determining parasite density, multiplicity of infecting parasites (MOIs), and rates of new cases of parasitemia.
METHODS

Study, Participants, and Site
Homa Bay, located in the Lake Victoria basin in western Kenya, is holoendemic for malaria. The long rainy season, from late March through May, produces intense malaria transmission from April through August, whereas the short rainy season, from October through December, produces lower transmission intensity from November through January [12] . In 2014, the HIV prevalence in Homa Bay was 26% (higher than the national average of 6%) [13] . The randomized trial [10] was conducted between February 2012 and September 2013 at the HIV Treatment and Care Clinic of Homa Bay District Hospital (clinical trials registration NCT01425073), and the details of the study have been described elsewhere [10] . HIV-infected individuals with evidence of immune recovery (ie, an ART duration of ≥18 months and a CD4 + T-cell count of >350 cells/mm 3 ) were randomized to the CTX arm or the STOP-CTX arm. Participants were examined for malaria parasites every 3 months for 12 months and whenever they reported being sick. A total of 50 µL of blood was collected at scheduled and sick visits in tubes containing ethylenediaminetetraacetic acid and blotted on Whatman cellulose filter paper (Sigma-Aldrich, St Louis, Missouri) and transported to the Kenya Medical Research Institute (KEMRI)/ Walter Reed Project Basic Science Laboratory in Kisumu, Kenya, where assays were conducted. Each study participant received a unique study identification number that was the only identifier on the samples. All parasitemia assays were conducted while masked to participants' randomization arm or clinical status. DNA was extracted using QIAamp DNA mini kits (Qiagen, Valencia, California) according to the manufacturer's instructions. The extracted DNA was used to detect malaria parasites by quantitative reverse-transcription polymerase chain reaction (qRT-PCR) analysis and to estimate P. falciparum clonal diversity. The sensitivity of malaria parasite detection by qRT-PCR was <1 parasite/µL [14, 15] .
Ethical Considerations
All participants gave informed consent. Consent was written if the participant was literate and denoted by fingerprint if the participant illiterate, with the signature of an independent witness also provided. Scientific and ethical approvals for the study were obtained from the KEMRI Ethical Review Committee ( protocol SSC 2077), the Walter Reed Institute of Army Research Human Subject Protection Committee ( protocol 1983), and the University of Washington Institutional Review Board.
Detection of Malaria Parasites by qRT-PCR
qRT-PCR for detection of organisms in the genus Plasmodium was performed with forward and reverse primers (PLU3F 5′-GCT-CTT-TCT-TGA-TTT-CTT-GGA-TG-3′ and PLU3R 5′-AGC-AGG-TTA-AGA-TCT-CGT-TCG-3′) and probe (PLU3P 5′-ATGGCCGTTTTTAGTTCGTG-3′) that target the 18S small RNA gene as described previously [14] . To obtain maximum sensitivity, we followed the qRT-PCR approach described by Waitumbi et al, in which both DNA and RNA are used [16] . The RNA was first reverse transcribed, and the resulting complementary DNA (cDNA) and DNA strands are amplified in a subsequent PCR. Briefly, the PCR was performed in a final volume of 10 µL with 2 µL of the template, 5 µL of 2× Qiagen Quatitec probe RT-PCR master mix (Qiagen), 0.4 µL of 0.4 µM probe and primers mix, 0.1 µL of reverse transcriptase enzyme mix, 1.6 µL of 4 µM magnesium chloride, and 1.1 µL of PCR-grade RNAse/DNAse free water. Reactions were performed in a 7500 analytical PCR system thermocycler (Applied Biosystems, CA). The amplification process started with a 30-minute reverse transcription step at 50°C to convert RNA to cDNA. This was followed by heating at 94°C for 10 minutes to inactivate reverse transcriptase and then 45 cycles of 95°C for 15 seconds and 60°C for 1 minute to amplify the target cDNA and genomic DNA. A blood specimen with an estimated parasite count of 469 920 parasites/μL from a donor infected with Plasmodium falciparum was obtained from the National Institute for Biological Standards and Control (Hertfordshire, United Kingdom) and used to generate standards for qRT-PCR analysis. Negative controls included noninfected human DNA and nontemplate control. Subjects were considered free of malaria parasites if the cycle threshold value was >40.
Evaluation of MOI
DNA was amplified in a 2-step nested PCR. In the primary reaction, primers targeting the entire block 2 of msp-1 and block 3 of msp-2 were used as described previously [17] . For this, the PCR was performed in a final volume of 25 µL per reaction. Each reaction tube contained 3 µL of DNA, 15.9 µL of ultrapure grade RNAse/DNAse-free water (Applied Biosystems), 2.5 µL of 1× MyTaq buffer (Bio-line, United Kingdom), 0.625 µL of 0.25 pm/µL of forward and reverse primers (Applied Biosystems), 2 µL of 2 mM Mgcl 2 , 0.3 µL of 0.125 mM dNTPs, and 0.1 µL of 0.02 U of MyTaq DNA polymerase (Bio-line). The reactions were performed in the HID Veriti 96-well thermal cycler (Applied Biosystems). The cycle conditions for both msp-1 and msp-2 included initial denaturation at 95°C for 1 minute, followed by 35 cycles of denaturation at 95°C for 15 seconds, annealing at 58°C for 15 seconds, and extension at 72°C for 10 seconds. For positive controls, samples previously confirmed to contain msp-1 (K1, MAD20, and RO33) and msp-2 (FC27 and IC3D7) allelic types were included in all runs. Negative controls were devoid of target DNA.
In the secondary reaction, allele-specific primers were used to amplify the K1, MAD-20, and RO33 alleles of msp-1 and the FC27 and IC3D7 alleles of msp-2. For these, the reverse primers were labeled with different fluorescent dyes at the 5′ end, with K1 labeled with NED (yellow), MAD20 labeled with PET (red), RO33 labeled with VIC (green), FC27 labeled with 6-FAM (blue), and ICD37 labeled with VIC (green). All primer sets were obtained from Applied Biosystems (Foster City, CA). The reaction volume for both msp-1 and msp-2 allelic amplification was 25 µL, containing 1 µL of the primary amplicons, 19.5 µL PCR-grade RNAse/DNAse free water, 2.5 µL of 1× MyTaq buffer (Bio-line), 0.3125 µL of 125 nm of each allelictype primer, 1 µL of 1 mM Mgcl 2 , 0.315 µL of 125 µM dNTPs, and 0.1 µL of 0.02 U of MyTaq DNA polymerase (Bio-line). The cycle conditions for the msp-1 alleles were as follows: initial denaturation at 95°C for 1 minute, followed by 35 cycles of 95°C for 15 seconds, annealing at 61°C for 15 seconds, and extension at 72°C for 10 seconds. For the msp-2 alleles, the cycle conditions consisted of an initial denaturation step at 95°C for 1 minute, followed by 35 cycles at 95°C for 15 seconds, annealing at 58°C for 15 seconds, and extension at 72°C for 10 seconds. All amplifications were performed in a 96-well thermal cycler (HID Veriti; Applied Biosystems). The PCR products were wrapped in aluminum foil to avoid photobleaching of the fluorescent dyes and stored at −20°C until required. Size fractionation was performed by high-resolution capillary electrophoresis on the 3130 genetic analyzer, with fragment sizing and analysis done using GeneMapper Software v4.0 (Applied Biosystems). Each PCR fragment was considered to represent a P. falciparum population of a single allelic variant. The minimum number of genotypes at each locus was determined for each sample as described previously [18] .
Data Analysis
Data were analyzed for the STOP-CTX and CTX arms at enrollment and all scheduled and sick follow-up visits. Scheduled visits where the participants were also sick were included in analyses of data from scheduled and sick visits. Descriptive statistics of malaria parasitemia, parasite burden, and number of genotypes in each allelic family of msp-1 and msp-2 (MOI) were computed. Parasitemia in this study was defined as any parasites detected in both study arms. The number of distinguishable alleles for msp-1 and msp-2 was determined for each isolate, and the largest of these numbers was considered the MOI. The frequency of mixed infections, defined as an MOI of >1, was compared between the 2 study arms. χ 2 tests were used to test for differences between study arms in parasitemia prevalence over time. In the subset of visits where parasites were detected, parasite density values were log transformed, and the difference between arms over the follow-up period was tested using a generalized estimating equations model with identity link, independence working correlation structure, and robust standard errors, to handle repeated measures within individuals. Rates of incident parasitemia in the 2 study arms were calculated on the basis of person-time at risk. Time at risk included time from the date of randomization that each participant remained parasite free, completed 1 year of follow-up, or was withdrawn from the study, whichever came first. Participants with parasitemia at enrollment did not contribute person-time to the incident parasitemia analysis. All tests were 2 sided at the 5% significance level. We used Stata, version 12.1 [19] , for all statistical analyses.
RESULTS
Recruitment and Follow-up Visits
As described by Polyak et al [10] , participant recruitment commenced in February 2012. Five hundred subjects were randomized into 2 arms of 250 each. Of the 250 enrolled in the CTX arm, 247 had parasite data available at baseline (month 0 [M0]). Upon enrollment, participants were scheduled for follow-up at M3, M6, M9, and M12. Enrollment was complete by August 2012, and follow-up was completed by August 2013. Retention was 98%, with similar follow-up rates in each arm of the randomized controlled trial.
CTX Discontinuation Was Associated With a High Burden of Malaria Parasites
Of 500 enrolled participants who were receiving CTX at baseline, 498 had parasite data available, of whom 25 (5%) had detectable malaria parasites. The 5% parasitemia prevalence did not differ significantly between those randomized to the STOP-CTX arm (11 of 250 [4%]) and those randomized to the CTX arm (14 of 247 [6%]; P = .53). In participants with parasitemia at baseline, the mean log 10 parasite density did not differ between the STOP-CTX arm (2.42 log 10 parasites/mL) and the CTX arm (2.37 log 10 parasites/mL; P = .90). As shown in Figure 1 , the mean parasitemia prevalence increased steadily in the STOP-CTX arm (4% [11/248] Figure 2 shows the parasite density for all visits where parasites were detected. The STOP-CTX arm had higher mean log 10 parasite densities than the CTX arm, with values of 4.98 and 4.92 log 10 parasites/mL, respectively, at M3, 4.91 and 4.19 log 10 parasites/mL at M6, 4.85 and 3.61 log 10 parasites/mL at M9, 3.85 and 2.45 log 10 parasites/mL at M12, and 5.01 and 2.44 log 10 parasites/mL at sick visits due to malaria. When all postenrollment visits were combined, the mean log 10 parasite density was 4.42 log 10 parasites/mL in the STOP-CTX arm and 3.13 log 10 parasites/mL in the CTX arm, and the mean difference (1.29 log 10 parasites/mL; 95% confidence interval [CI], .74-1.85 log 10 parasites/mL) was statistically significantly higher in the STOP CTX arm (P < .001). Figure 3 shows parasitemia incidents over the study period that started in February 2012. Over the 12-month follow-up period, 474 study subjects had 232 person-years of follow-up in the CTX arm and 215 person-years of follow-up in the STOP-CTX arm, during which 24 new parasitemia events developed in the CTX arm, compared with 90 in the STOP-CTX arm. The rate of parasitemia in the CTX arm was 9.9 cases per 100 person-years. compared with 42.0 cases per 100 person-years in the STOP-CTX arm, yielding an incidence rate ratio of 4.3 (95% CI, 2.7-7.1; P < .0001). As shown in Figure 3 , in the STOP-CTX arm, new parasitemia events were highest 1 year after the start of the study (January-March 2013) and August 2013.
MOIs
Of the Plasmodium-positive blood samples, genotyping was successful in 64% (7 of 11) at M0, 89% (8 of 9) at M3, 82% (14 of 17) at M6, 93% (27 of 29) at M9, 89% (47 of 53) at M12, and 89% (24 of 27) for sick visits in the STOP-CTX arm. For the CTX arm, genotyping was less successful, with values of 64% (9 of 14) at M0, 100% (1 of 1) at M3, 40% (2 of 5) at M6, 25% (1 of 4) at M9, 70% (7 of 10) at M12, and 50% (2 of 4) for sick visits. The lower success in genotyping specimens from the CTX arm is likely due to low parasite density, compared with the STOP-CTX arm (Figure 2) .
The number of distinguishable alleles for msp-1 and msp-2 was determined, and the largest of these numbers was considered the MOI of that sample. The distribution of MOIs at enrollment, at quarterly visits, and during malaria sick visits is shown in Figure 4 . The frequency of mixed infections, defined as an MOI of >1, increased steadily throughout the year in the STOP-CTX arm, with values of 28% (2 of 7) at enrollment, 44% (4 of 9) at M3, 36% (5 of 14) at M6, 52% (15 of 29) at M9, and 26% (12 of 47) at M12, and was highest (54% [13 of 24] at sick visits. In comparison, mixed infections in the CTX arm were only detected at enrollment (11% [1 of 9]), and all subsequent visits, including the sick visit, had single infections (Figure 4) .
DISCUSSION
Many studies have established the clinical relevance of continuing the use of CTX to reduce the risk of malaria in HIV-infected adults [9] [10] [11] . In this study, the use of molecular methods allowed evaluation and characterization of the asymptomatic parasitemia that would not be evaluable by other malaria diagnostic methods or in subjects without clinical symptoms. We Figure 2 . Scatterplot showing malaria parasite density at enrollment, quarterly visits, and sick visits among patients continuing cotrimoxazole (CTX) therapy (the CTX arm) and those ceasing CTX therapy (the STOP-CTX arm). Data are limited to patients with parasites detected. Triangles represent the STOP-CTX arm, whereas circles represent the CTX arm. At all visits after enrollment, the STOP-CTX arm had more malaria parasite-infected subjects and a higher mean parasite density than those in the CTX arm. Differences in parasite density between arms over the follow-up period was tested using a generalized estimating equations model with identity link, independence working correlation structure, and robust standard errors to handle repeated measures within individuals. Error bars represent means with standard errors of the mean. Figure 1 . Malaria parasite point prevalence among patients continuing cotrimoxazole (CTX) therapy (the CTX arm) and those ceasing CTX therapy (the STOP-CTX arm). Black filled bars represent asymptomatic cases in the STOP-CTX arm, and striped bars represent clinical cases in the STOP-CTX arm. Open bars represents asymptomatic cases in the CTX arm. Significant difference in the overall (clinical and asymptomatic) parasitemia prevalence between the study arms were detected after enrollment. No clinical cases were detected in the CTX arm. χ 2 tests were used to test for differences between study arms in parasitemia prevalence over time.
demonstrate progressively increasing parasitemia prevalence, incidence rate ratio, and MOI among ART-treated HIV-infected adults who discontinued CTX, compared with those who continued CTX. In addition, at each scheduled visit, parasite density was higher in the STOP-CTX arm as compared to the CTX arm. Despite provision and use of insecticide-treated nets and immune recovery following a median of 4.5 years of ART use, >20% of individuals had malaria parasitemia 1 year after CTX discontinuation. Parasitemia prevalence increased steadily from quarter to quarter, with marked increases noted by 9 months after cessation. At enrollment, 95% had no malaria parasitemia, illustrating the ability of CTX prophylaxis to control parasitemia. This is consistent with earlier studies that demonstrated a protective efficacy rate of up to 92% for CTX prophylaxis [6, 7] . The 5% of individuals with parasitemia at baseline may not have been adherent to CTX, as suggested by a much lower parasitemia prevalence later in follow-up among individuals in the CTX arm. Alternatively, some may have had CTX-resistant parasites. Resistance to CTX by Streptococcus pneumoniae attributable to the same genes that code for antifolate resistance in malaria parasites (dihydropteroate synthase and dihydrofolate reductase) has been reported in Europe [20] and Uganda [21] . A previous study in Kisumu by Hamel et al [22] , showed that CTX retains antimalarial efficacy even in regions where antifolate resistance to malaria is high [23, 24] , such as western Kenya [25] . We attribute the 5% parasitemia at enrollment to nonadherence. Participants received biweekly telephone calls to reinforce adherence, and this may explain the drop in parasitemia prevalence to <1% by M3 in the CTX arm. We found that parasitemia prevalence in the STOP-CTX arm increased steadily every quarter to 22% (a >5-fold increase) by M12 after enrollment. Given that CTX has a short half-life (10-18 hours), within 2 weeks of stopping the drug, there would be no expected residual CTX prophylactic effect [26] . Our data demonstrate the period required for reconstitution of a malaria parasite reservoir in a previously aparasitemic population. Eighty percent of parasitemias were asymptomatic, suggesting insufficient parasitemia to cause disease. Thus, our cohort of immune-reconstituted adults receiving ART (for >4 years and with a CD4 + T-cell count >350 cells/mm 3 ) appears similar to their HIV-uninfected semi-immune counterparts [27] . As previously reported for this randomized controlled trial, individuals who developed clinical malaria did not have severe infections [10] . CTX may provide a community benefit in decreasing the parasitemic reservoir and subsequent infections in children or in HIV-infected individuals not receiving ART. However, given a comparable malaria risk in ART-recipient HIV-infected adults and HIV-uninfected adults and the potential, despite the availability of ART, for antibiotic resistance with widespread CTX use when CTX therapy is continued indefinitely in settings where the HIV prevalence is high, it will be important to model the long-term community and individual risk/benefit of CTX to inform policy.
Parasite density in the CTX arm decreased throughout follow-up, demonstrating the efficacy of CTX in controlling parasitemia. In the STOP-CTX arm, parasite density, although higher at each scheduled visit as compared to that in CTX group, did not increase over time (Figure 2) .
The rate of acquisition of new malaria parasitemias was evaluated in the STOP-CTX and CTX arms (Figure 3 ). Over the observation period, the STOP-CTX arm had a significantly higher incidence of parasitemia (42.0 cases per 100 person-years in the STOP-CTX vs 9.9 cases per 100 person-years in the CTX arm). In the STOP-CTX arm, new parasitemia events were highest 1 year after the start of the study (January-March 2013) and August 2013. We think that the highest parasitemia incidences, seen in February 2013 and August 2013, are a consequence of the cumulative increases in parasitemia prevalence with increasing time after CTX cessation. As also in Figure 1 , this process is gradual, increases steadily, and took 1 year to yield a PCRdetectable parasitemia prevalence of 22% in the STOP-CTX population.
We were unable to compare the incidence of parasitemia in the study population to that in HIV-uninfected adults in the same region because we did not enroll a concurrent control group of HIV-uninfected individuals. However, the 22% asymptomatic parasitemia prevalence at M12 in the STOP-CTX arm is comparable to the 20.9% cross-sectional prevalence of asymptomatic malaria in adults living in western Kenya in 2015 [28] .
We noted more mixed infections among individuals who stopped CTX therapy than among those who continued CTX therapy (Figure 4) . The highest frequency (63%) was detected at M9. In comparison, after enrollment, all infections in the CTX arm were monoinfections. After enrollment, 40% of the malaria parasite infections detected in the STOP-CTX arm had a cumulative mean MOI of 1.8, similar to the mean MOI of 2 observed over a 1-year period in the study by Baliraine et al in western Kenya [29] . The reported MOI by Baliraine et al involved younger individuals (15-17 years old), among whom only a subset (0.9%) would be expected to have HIV infection, based on prevalence data for western Kenya [30] . This is consistent with the hypothesis that HIV-infected adults restore their malaria semi-immune status during ART.
In conclusion, the data presented here demonstrate that discontinuation of CTX prophylaxis by individuals with HIV during ART results in a progressive increase in the prevalence of asymptomatic malaria parasitemia, an increase in rates of multiple strains, and a higher parasite burden. This is in addition to increased episodes of clinical malaria noted in our previous publication [10] . Taken together, our data suggest that most HIV-infected patients who are receiving ART and have immune reconstitution are semi-immune to malaria and that continued CTX use may provide a community benefit in decreasing the parasitemic reservoir and subsequent infections in susceptible populations.
Notes
